Aim: Root canal irrigation is an essential step in the root canal treatment. The aim of this study was to compare the efficacy of three agitation methods [manual-dynamic irrigation gutta-percha (GP), EndoActivator, and passive ultrasonic irrigation (PUI)] for 2.5% NaOCl irrigation solution in debriding two organic films (collagen and hydrogel) from simulated root canal walls. Materials and methods: Twenty-four Endo-Vu blocks were used to create half root canals using Profile instruments. The working length was 0.5 mm short of the canal end. The canal was enlarged to 30/06. The canals were allocated into two experimental groups (n = 12): group I (collagen film models), group II (hydrogel layer models). Each group was subdivided into three equal subgroups (n = 4): manual-dynamic irrigation (GP), EndoActivator sonic irrigation, and PUI. Each half canal was then covered with a flat glass slide, before quantifying the collagen or hydrogel film by using the Image-Pro Plus 4.5 and ipWin4 software. The data were analyzed using the generalized linear mixed model. Results: The duration of irrigation had a significant influence on surface area coverage with the residual film (hydrogel, collagen). Exposure of the organic film to PUI irrigation was significantly associated with more film removal than GP irrigation (p = 0.0001). Exposure of the organic film to EndoActivator irrigation was significantly associated with more film removal than GP irrigation (p < 0.001).
IntroductIon
Bacteria that normally inhabit the oral cavity theoretically have the capacity to invade the root canal space during and after pulp necrosis. 1 These bacteria present in infected root canals in the form of bacterial biofilms on the root canal walls. 2 Root canal treatment involves biofilm removal from the root canal system by instrumentation and irrigation. 3 The use of the sodium hypochlorite (NaOCl) irrigant has been suggested with multiple in vitro investigations supporting its effectiveness against both planktonic and biofilm. [4] [5] [6] However, complete removal of bacteria from the root canal system was not possible, prompting speculation on a number of possible reasons. First, incomplete penetration of the irrigant. 7 Second, rapid consumption of NaOCl active ions by dentine, organic tissue, and biofilm would render the solution inactive. 8 It has been advocated that the antimicrobial activity of NaOCl may be improved by increasing its concentration, 9 temperature, 10 and duration of exposure. 11 Nevertheless, unless replenished, the NaOCl will be swiftly rendered inactive by the organic tissue. 8 It is well known that irrigant intracanal agitation has been proposed to improve its replenishment and penetration. 12 Accordingly, the goal of this study was to develop a more rigorous understanding of the effect of film type, number of repeated irrigation, and irrigant agitation [manual-dynamic irrigation, EndoActivator, and passive ultrasonic irrigation (PUI) agitation techniques] on the removal of the organic (collagen and hydrogel) miming biofilm by the NaOCl irrigant.
MAterIAls A n d Methods

Construction of Transparent Simple Canal Models
Endo-Vu blocks (Dentsply Maillefer, Ballaigues, Switzerland) were used to create the canal model tested in this study. First, the blocks (n = 24) were sectioned in a transverse plane just 0.5 mm below the end of the canal into two halves using a diamond disk (Chiplin and Jacets, Surrey, UK). The halves containing the conical hollow spaces of the simulated canals were discarded. The other intact halves of the blocks were used to create the canal models. A groove of 15.5 mm length was carved by rotating a size 10 stainless steel file (Flexofile, Dentsply Maillefer, Ballaigues, Switzerland) on the flat surface of the block. A half root canal was then created by using Profile instruments (Dentsply, Maillefer, Switzerland) in a crown-down sequence. The working length was 0.5 mm short of the apical end. The canal was enlarged to an apical size and taper of 30/06, with low-speed rotary handpiece at 300 rpm, and 70:1 controlled torque.
Sample Grouping
Twenty-four canal samples were created and allocated into two experimental groups: group I [collagen film models (n = 12)] and group II [hydrogel layer models (n = 12)]. Each group was subdivided into three equal subgroups [subgroup I for manual-dynamic irrigation gutta-percha (GP) (n = 4), subgroup II for EndoActivator sonic irrigation (n = 4), and subgroup III for PUI (n = 4)].
Application of the Collagen and Hydrogel Films on the Canal Walls
The collagen film (type I rat tail collagen in 0.6% acetic acid solution, First Link Ltd, West Midlands, UK) was mixed with calligraphic ink (Kai-Ming, Tainan, Taiwan) in a ratio of 5:1, before painting on the canal surfaces in group I samples by using a brush. 13 In the same way, the hydrogel layers were mixed with calligraphic ink (5:1) before brushing it on the canal surfaces of group II samples. The hydrogel was created by dissolving 3 g of gelatin (Merck, Whitehouse Station, NJ, USA) and 0.06 g of hyaluronan (sodium hyaluronate 95%, Fisher, Waltham, MA, USA) in 45 mL of distilled water at 50°C. 14 Each model was also demarcated on the end (apical), middle, and opening (coronal) thirds by a scalpel blade (Stanley, Mechelen, Belgium). Each half longitudinal canal was then covered with a flat glass slide. These slides were prepared by sectioning a microscopic slide into three pieces using a diamond disc (Struers Ltd, Solihull, UK). Each piece was used as a glass cover over the canal. The borders of each cover were smoothened by using grinder discs (250 μm, Struers Ltd, Solihull, UK). The glass cover was fixed over the canal using cyanoacrylate glue (Loctite, Henkel, UK).
Baseline Quantification of Canal Surface Area Coverage of Collagen Film or Hydrogel Film
Each model was photographed using a digital camera (Canon, Tokyo, Japan) before applying the irrigation protocol. The camera was mounted onto a copy stand (Kaiser, Buchen, Germany) and the lens directed at the scaled board. Each model was placed onto the board, and its position and alignment were recorded using the horizontal scale. The distance between the camera and the model was recorded using the vertical scale. These records were standardized and used with all subsequent stages of model imaging during the experiments to enable direct comparison. The areas of the canal surface covered with the collagen film or the hydrogel film were quantified by using the Image-Pro Plus 4.5 and ipWin4 software (MediaCybernetics, Silver Spring, USA). These images were set as the baseline for subsequent comparison with the images after irrigation experiments. 13
Irrigation Experiments
The manual dynamic irrigation (GP pumping) protocol of subgroup I was adapted from Huang et al. The root canals in each subgroup were irrigated with 2.5% NaOCl delivered with a Monoject endodontic 3-mL syringe through a Luer lock 27 gauge Max-I-ProbeTM needle (Dentsply Maillefer) at a rate of 6 mL/minute. The irrigating needle was inserted to 4 mm short of the working length and a total of 27 mL of solution were delivered. The manual dynamic agitation was carried out through intracanal push-pull manipulation of a tapered gutta-percha point (SybronEndo, Orange, CA, USA) matching the canal dimension and taper (30/06), through the entire working length. One hundred push-pull strokes for 1 minute (each with 5 mm amplitude) were performed after introducing the first 3 mL of the irrigant, followed by delivery of the next 6 mL in two 3-mL boli. Therefore, 100 push-pull strokes were used for each 9 mL of irrigation. This pattern was repeated four times until the entire 27 mL is delivered with a total of 300 push-pull strokes.
For the canals in subgroup II, the agitation was carried out by placing the polymer tip of the EndoActivator device (25/04) through the entire working length and agitated for 1 minute with highpower setting. 15 This was performed after introducing the first 3 mL of the irrigant, followed by delivery of the next 6 mL in two 3-mL boli. For the canals in subgroup III, the agitation was carried out by placing stainless steel instrument size 20/02 (IrriSafe; Satelec Acteon, Merignac, France) of the PUI device at the working length (WL); then the agitation was continued for 1 minute. This was performed after introducing the first 3 mL of the irrigant, followed by delivery of the next 6 mL in two 3-mL boli. The file was energized by a piezoelectric unit (Suprasson PMax; Satelec Acteon) at power setting 3 and frequency 30 kHz as recommended by the manufacturer. 16 
Image Analysis
Digital images were taken of each model after irrigation with 9, 18, and 27 mL of NaOCl using a digital camera (Canon). All images were taken under standardized model alignment and distance. The digital images were analyzed using the Image-Pro Plus 4.5 and ipWin4 software (MediaCybernetics) to quantify the residual collagen film or the hydrogel film within coronal, middle, and apical levels of the canal.
Data Analysis
The data representing the areas of canal surface coverage with the collagen film and the hydrogel film at baseline and at different time intervals were entered onto an SPSS database, version 21 (IBM, New York, USA) for statistical analysis. The mean and standard deviation of the percentage of the root canal surface covered with the organic layer after irrigation were performed first. The influence of the potential independent factors (film type, the coronalapical level of the root canal, number of repeated irrigations, and irrigant agitation) on the mean area of canal surface coverage was investigated using the generalized linear mixed model.
results
Interesting observations were made that a large amount of stained organic film was flushed out from the root canal during the first stage of irrigation (9 mL, 2.5% NaOCl) than the remaining stages of irrigation (18 mL, 27 mL and 36 mL).
An important observation was made (Figs 1 and 2 ) that the ranking of both film removal was the same in relation to the irrigant activation. However, there was a proportional difference in the extent of removal of each film by each agitation technique. Both collagen and hydrogel films behaved the same toward manualdynamic irrigation (GP) but behaved slightly differently to the EndoActivator, while they behaved very differently to PUI. Thus, the collagen film was less sensitive to activation than the hydrogel film.
The results (Table 1) showed that the mean percentages of the root canal surface covered with the collagen or hydrogel film decreased with the increase in number of stages of irrigation of the root canal surface. The mean percentages of the root canal surface covered with the collagen or hydrogel film were the lowest in the coronal third, followed by middle and apical thirds.
The results of generalized linear mixed model analyses for each potential influencing factor using "percentage of the root canal surface covered with the residual collagen or hydrogel film" as the dependent variable are presented in Table 2 .
The statistical analysis showed that the mean area covered with the residual collagen film was not significantly 8.3% more than that of the hydrogel film after irrigation (p = 0.243).
Interestingly, the coronal third was 5.7% and 20.9% less covered with the residual film than the middle and apical thirds, respectively. These were statistically significant.
The efficacy of irrigation was increased as the area of canal coverage with the residual film was reduced with the number of repeated irrigation. This was statistically significant.
The exposure of the organic film to PUI irrigation was significantly associated with increased film removal when compared to the film exposed to GP irrigation (p = 0.0001). The exposure of the organic film to EndoActivator irrigation was significantly associated with more film removal when compared to the film exposed to GP irrigation (p = 0.0001).
dIscussIon
The issue of complete removal of the bacterial biofilm from the root canal system has received considerable critical attention. 5 The present study was designed to assess the effect of different irrigant agitation methods on the ability of the 2.5% NaOCl irrigant to remove and destroy the simulant biofilm from a simulated root canal model. The experiments were successful in testing the aim. The artificial infection models were successful to investigate the effect of agitation on the NaOCl efficacy in removal of organic films from the root canal surface. The subjective observation of this study showed that the four variables, film type, coronal-apical level of the root canal, number of repeated irrigations, and method Numerous experimental models have been suggested to examine the efficacy of different irrigation regimens. 4 The test model used in the present study was chosen to attempt replication of the removal of the clinically relevant biofilm. However, growing biofilms within root canal systems ex vivo is limited by the lack of standardization as well as variation. 17 For these, two simulant biofilms (collagen or hydrogel) have been used. In addition, the relevant films have been used in previous studies as test models to mimic bacterial biofilms to investigate the outcomes of their reaction with irrigation solution within the root canal system. 13, 18 The black calligraphic ink was used to provide good contrast against the canal walls. Also, it is insoluble in water once dry. 13 The Image-Pro Plus software was used to quantify the residual film on the root canal wall. This software has been suggested in previous studies for image analysis. 13, 19 The method of quantifying the organic films from the root canal wall showed marked results. However, one limitation associated with this method was single assessor who performed the measurements, which may increase the possibility of bias. For this, a technique was agreed using a standard method for outlining the root canal walls and for setting the threshold of the organic film stain to be quantified. The principal observer and another assessor who was experienced in using the Image-Pro Plus software measured 20% of the images and this was repeated until sufficient interobserver agreement was achieved. Another attempt to avoid bias was achieved by investigation of the intraobserver reliability. This was achieved by assessing 20 replicate measurements of the organic film in each experimental group and comparing the results taken. The comparison illustrated good agreement between the measurements. This semiautomatic protocol allowed operatorindependent quantitative measurements.
The canal of the root canal model used in the present study was enlarged to an apical size and taper of 30/06 as it has been reported that this apical size and taper is the minimum to deliver the irrigant apically. 20 The biofilm simulant (collagen, hydrogel) showed relatively similar trends of removal. Nevertheless, the removal rate did differ to some extent since the hydrogel film exhibited a greater removal rate than the collagen film. This may be related to the fact that organic films were not grown on but applied to the surface of the root canal models. More specifically, this can be ascribed to a reliance on physicochemical interactions between the model surface and the film layer alone. The residual collagen film was more than the hydrogel film. This may be related to the fact that the hydrogel is less stable and more hydrophilic than collagen; 21 consequently, its dissolution by NaOCl was more than collagen.
After irrigation, the root surface of the coronal level had the significantly (p < 0.05) less residual collagen or hydrogel film followed by the middle and apical levels. The possible reason was that the removed debris from the coronal level by the activated irrigant may have impeded the apical movement and flushing action of the irrigant. 18 However, a 2.5% NaOCl irrigant and a 9 mL, 1-minute agitation were insufficient to remove 100% of the biofilm simulant (collagen, hydrogel). The finding is consistent with findings of past studies that suggested the incomplete removal of the bacterial biofilm after the delivery of the NaOCl irrigant into the root canal system. 15, 19 Although EndoActivator irrigation was significantly more effective than gutta-percha pumping irrigation, it was significantly less effective than passive ultrasonic irrigation. The difference between GP pumping and EndoActivator may be attributed to the fact that manual push-pull motion of the gutta-percha point generates frequency less efficient than the automated methods. 22 The difference between EndoActivator and PUI may be attributed to that the driving frequency of the ultrasonic device is higher than that of the sonic device. A higher frequency results in a higher flow velocity of the NaOCl irrigant. 23 This may be the result of more film removal by PUI than EndoActivator irrigation. The findings of the present study provide information about the outcomes of interaction between the 2.5% NaOCl irrigant and the biofilm simulant using the different irrigation protocols. This may support the importance of intracanal irrigation with optimal removal efficacy to improve the prognosis of the root canal treatment. Further research is essential for the understanding of antibacterial efficacy of the bacterial biofilm by different agitation and concentrations of NaOCl within the root canal system.
A number of possible future studies using the same experimental set up are apparent. It would be interesting to assess the effects of other variables such as canal curvature and apical size on the efficacy of agitation of NaOCl.
conclusIon
Within the limitations of the current study design, the transparent simple canal models allowed quantification and comparison of the efficacy of removal of two biomolecular films (hydrogel, collagen). The protocol of EndoActivator agitation of the 2.5% NaOCl irrigant is more effective in simulant biofilm removal than gutta-percha pumping agitation of the NaOCl irrigant but less effective than passive ultrasonic agitation of 2.5% NaOCl.
